Applied  Surface  Science  256  (2010)  4171-4175 


ELSEVIER 


Contents  lists  available  at  ScienceDirect 

Applied  Surface  Science 

journal  homepage:  www.elsevier.com/locate/apsusc 


Formation  of  amine  groups  on  the  surface  of  GaN:  A  method  for  direct 
biofunctionalization 

R.  Stine,  B.S.  Simpkins,  S.P.  Mulvaney,  L.J.  Whitman* 1,  C.R.  Tamanaha* 

Naval  Research  Laboratory,  Washington,  DC  20375,  USA 


ARTICLE  INFO 


ABSTRACT 


Article  history: 

Received  30  November  2009 
Received  in  revised  form  29  January  2010 
Accepted  29  January  2010 
Available  online  6  February  2010 


Keywords: 

Gallium  nitride 

Biofunctionalization 

Surface  modification 

Plasma 

Amine 

Biosensor 


Gallium  nitride  has  attracted  significant  interest  as  a  material  for  biosensors;  however,  techniques  for 
biofunctionalizing  GaN  surfaces  have  received  limited  attention.  Here,  we  present  a  method  for 
producing  amine  groups  directly  on  GaN  surfaces  through  exposure  to  a  glow  discharge  plasma  fed  with 
humidified  air,  thereby  eliminating  the  need  for  complex  organic  functionalization  chemistry.  Amine 
formation  is  tracked  via  X-ray  photoelectron  spectroscopy  (XPS)  by  labeling  the  plasma-formed  surface 
groups  with  a  fluorinated  probe  that  binds  specifically  to  primary  amines.  These  amine  groups  can 
subsequently  couple  covalently  to  a  wide  range  of  biomolecules.  The  covalent  immobilization  of  a 
NeutrAvidin  layer  is  demonstrated  using  Fourier  transform  infrared  spectroscopy  (FT-IR)  and  fluorescent 
biotin-binding  assays.  Finally,  we  show  that  plasma  exposure  times  sufficient  for  the  formation  of  amine 
groups  do  not  significantly  alter  the  conductivity  of  the  GaN  substrate. 
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1.  Introduction 

Gallium  nitride  has  many  characteristics  that  could  make  it  an 
exceptional  material  for  biosensing.  It  possesses  desirable  proper¬ 
ties  for  nanowires  [1-3],  and  is  capable  of  both  optical  [2,4]  and 
electrical  [2,3]  transduction.  Its  high  piezoelectric  constant  also 
facilitates  the  formation  of  surface  sensitive  GaN/AlGaN  two- 
dimensional  electron  gas  HEMT  devices  [5-14].  Furthermore,  GaN 
is  robust  in  aqueous  solutions  [15]  compared  with  other  III— V 
materials,  such  as  GaAs  [16].  This  wide  array  of  applications, 
however,  emphasizes  the  need  for  a  reliable  and  reproducible 
method  for  covalently  functionalizing  GaN  with  biomolecular 
probes. 

To  date,  the  most  prevalent  functionalization  method  reacts  a 
silane  with  the  native  oxide  present  on  the  GaN  surface;  the 
silane  film’s  terminal  group  can  then  react  with  biomolecules 
using  standard  biofunctionalization  protocols  [2,8,11,17-20]. 
While  silanization  can  successfully  impart  chemical  functionali¬ 
ty  to  GaN  surfaces,  silane  films  are  notoriously  inconsistent. 
Small  differences  in  water  concentration  during  the  silanization 
reaction  can  dramatically  affect  the  polymerization  rate  and 
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alter  the  thickness  of  the  final  film  [21-23].  Thickness  variations 
are  particularly  detrimental  to  GaN  HEMT  sensors,  as  they  are 
highly  sensitive  to  the  separation  between  the  target  and  the 
device  surface.  Because  of  these  difficulties,  alternative  methods 
have  been  investigated,  including  photochemical  functionaliza¬ 
tion  [24],  phosphonic-acid  self-assembled  monolayers  [25,26], 
and  gold-capping  followed  by  thiol  functionalization  [4,9,10,12- 
14]. 

Recently,  we  published  a  method  for  the  amination  of  silicon 
nitride  that  allows  covalent  coupling  of  proteins  to  the  surface  via 
the  bifunctional  linker  glutaraldehyde  (GA)  [27].  Here,  we  show 
that  this  technique  is  easily  extended  to  functionalize  GaN,  and 
may  be  applicable  to  many  other  nitrides.  The  surface  amine 
groups  are  created  in  a  radio  frequency  glow  discharge  plasma  fed 
with  humidified  air.  This  technique  allows  direct  coupling  of 
biomolecules  to  the  GaN  surface,  enhancing  both  sensor  sensitivity 
and  reproducibility  by  placing  the  molecules  closer  to  the  active 
electronic  region  of  the  material  and  eliminating  poorly  reproduc¬ 
ible  intermediary  films  such  as  silanes.  Creation  of  the  surface 
amines  was  examined  by  reaction  with  an  amine-specific 
molecular  label,  fluorinated  benzaldehyde,  and  characterized  by 
X-ray  photoelectron  spectroscopy  (XPS).  Using  Fourier  transform 
infrared  (FT-IR)  spectroscopy  and  biotinylated  fluorophores,  we 
have  demonstrated  the  subsequent  attachment  of  NeutrAvidin 
(NA)  using  GA  as  a  linker.  Finally,  the  effect  of  the  plasma 
treatment  on  the  electronic  response  of  GaN  was  examined  using 
four-point  resistivity  measurements  as  a  function  of  plasma 
exposure  time. 
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2.  Experimental  details 

2.1.  Materials 

GaN  wafers  (6-jjtm  thick  epitaxial  films  on  sapphire  substrates) 
were  purchased  from  TDI  Inc.  (Silver  Spring,  MD).  Glutaraldehyde, 
fluorescein-labeled  biotin,  and  4-(trifluoromethyl)benzaldehyde 
(TFMB)  were  purchased  from  Sigma-Aldrich  (St.  Louis,  MO). 
NeutrAvidin  was  purchased  from  Thermo  Scientific  (Rockford,  IL). 

2.2.  Surface  preparations 

GaN  wafers  were  cleaned  for  30  s  in  50%  HC1,  then  rinsed  in 
18  Mfl  cm  de-ionized  water  and  dried  with  flowing  nitrogen  gas. 
Samples  were  next  placed  in  a  Mercator  Control  Systems  LF-5  radio 
frequency  (35  kFIz)  glow  discharge  plasma  system  and  reacted 
with  humidity-controlled  air  plasma  for  the  allotted  time  at  a 
power  of  135  W  and  a  pressure  of  250  mTorr.  Flumidified  air  was 
produced  by  splitting  a  compressed  air  tank  feed  through  a  bubbler 
and  desiccant  bed,  and  recombining  the  feeds  at  a  ratio  to  provide 
75%  relative  humidity.  For  experiments  using  dry  air,  the  feed  gas 
was  run  through  the  desiccant  only  (<1%  relative  humidity). 

2.3.  Fluorine  labeling  and  XPS  analysis 

To  determine  the  relative  density  of  surface  amine  groups, 
plasma-treated  samples  were  immersed  in  a  10%  solution  of  TFMB 
in  hexane  for  2  h  at  room  temperature.  The  TFMB  concentration 
and  exposure  time  were  optimized  to  maximize  labeling  efficiency 
while  limiting  non-specific  physisorption,  as  described  previously 
[27].  Next,  samples  were  sonicated  in  hexane  for  5  min,  rinsed 
sequentially  with  acetone  and  ethanol,  and  dried  with  flowing 
nitrogen  gas.  XPS  analysis  was  performed  using  a  Thermo 
(Waltham,  MA)  VG  Scientific  Escalab  220i-XL  XPS  system  using 
an  Al  Ka  source,  and  data  peaks  were  fitted  using  Unifit  XPS 
analysis  software.  High  resolution  spectra  were  taken  for  the  FIs 
peak,  and  results  were  quantitatively  compared  to  other  samples 
by  dividing  the  integrated  FIs  peak  intensity  to  the  integrated  Ga 
3d  core  level  peak. 

2.4.  Protein  immobilization  and  fluorescent  imaging 

Surfaces  were  prepared  as  described  in  Section  2.2,  plasma- 
treated  for  60  min,  and  then  exposed  to  a  solution  of  20%  GA  in  de¬ 
ionized  water  for  2  h  at  room  temperature.  The  GA  solution  was 
then  aspirated,  and  the  samples  were  exposed  to  a  2  mg/mL 
solution  of  NA  in  de-ionized  water  for  1  h  at  room  temperature. 
Control  samples  were  exposed  to  NA  without  GA  exposure.  Next, 


all  samples  were  rinsed  with  water  and  dried  with  flowing 
nitrogen.  Finally,  samples  were  immersed  in  a  Petri  dish  containing 
a  1%  solution  of  Tween-20  in  water  and  placed  on  a  rotator  for 
20  min.  After  this  time,  the  samples  were  removed  from  the 
solution,  rinsed  with  de-ionized  water,  and  dried  with  flowing 
nitrogen  gas.  FT-IR  spectra  were  obtained  using  a  Thermo  Nicolet 
750  in  single-bounce  attenuated  total  reflectance  mode  and 
averaged  over  256  scans  with  a  resolution  of  4  cm-1. 

For  fluorescent  imaging,  NA-coated  samples  were  spotted  with 
a  5  |ULg/mL  solution  of  fluorescein-labeled  biotin  in  1  x  phosphate 
buffered  saline  (PBS),  pH  7.4,  for  30  min  at  room  temperature. 
Control  samples  were  spotted  with  the  biotin  solution  without 
prior  exposure  to  GA  and  NA.  After  this  time,  the  samples  were 
rinsed  with  de-ionized  water,  sonicated  in  1  x  PBS  for  1  min,  rinsed 
again  with  de-ionized  water,  and  dried  with  flowing  nitrogen. 
Fluorescent  images  were  obtained  with  an  Olympus  BX51 
microscope  using  xenon  lamp  illumination  and  FITC-type  filters 
(456-490  nm  excitation  at  the  sample;  510-560  nm  emission 
collected  at  the  camera). 

2.5.  Conductance  measurements 

Electrical  contacts  were  patterned  onto  GaN  samples  via 
photolithography  (200  p,m  x  200  jutm,  with  200  p^m  spacing  be¬ 
tween  contacts),  and  ohmic  Ti/Al/Ni/Au  contacts  were  deposited 
via  e-beam  metal  evaporation.  Following  lift-off,  the  samples  were 
annealed  at  900  °C  for  30  s  in  a  nitrogen  environment.  Current- 
voltage  ( I-V)  response  was  measured  in  a  standard  four-point 
configuration  to  remove  the  effects  of  contact  resistance.  I-V  data 
were  taken  for  a  freshly  cleaned  sample  (30  s  in  50%  HC1),  followed 
by  data  for  subsequent  plasma  exposure  times.  I-V  sweeps  were 
run  over  a  range  from  -0.2  to  +0.2  V.  Material  conductivity  is 
calculated  by  dividing  the  slope  of  the  I-V  curve  (conductance)  by 
the  contact  separation  distance. 

3.  Results  and  discussion 

3.1.  Plasma  treatment  and  amine  formation 

A  probable  mechanism  for  amine  formation  on  GaN  surfaces  in 
a  humidified  air  plasma  involves  hydroxyl  and  free  hydrogen 
radicals  reacting  with  the  surface,  breaking  Ga-N  bonds  to  form 
more  energetically  favorable  Ga-0  and  N-H  bonds.  It  should  be 
noted  that  this  reaction  scheme,  while  consistent  with  our 
observations,  is  only  one  possible  mechanism.  Detailed,  real  time 
in  situ  monitoring  of  the  chemical  composition  of  the  surface 
would  be  required  to  determine  a  precise  mechanism,  and  such 
measurements  are  beyond  our  present  capability.  As  this  proposed 


Fig.  1.  (a)  High  resolution  XPS  scan  of  the  FIs  core  level  peak  for  two  GaN  samples  that  have  been  exposed  to  air  plasmas,  and  then  exposed  to  a  TFMB  solution.  The  top  scan  is 
for  a  sample  where  the  plasma  was  fed  with  humidified  air;  the  bottom  scan  is  for  a  sample  where  dry  air  was  used,  (b)  Summary  of  fluorine  peak  intensity  for  GaN  samples 
exposed  to  varying  plasma  reaction  times  and  subsequently  reacted  with  TFMB  to  titrate  the  amine  groups  on  the  surface. 
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mechanism  necessarily  leads  to  sub-monolayer  amine  coverage, 
an  amplifying  label  was  needed  to  track  the  formation  of  amine 
groups.  Benzaldehydes  have  been  shown  previously  to  act  as 
highly  preferential  labels  for  primary  amines  [28-30].  After  plasma 
treatment,  the  samples  were  reacted  with  solutions  of  TFMB,  and 
the  fluorine  signal  from  the  surface-bound  TFMB  molecules  was 
subsequently  observable  with  XPS. 

Fig.  1(a)  shows  the  XPS  spectra  for  the  FIs  peak  taken  on  a  GaN 
sample  that  has  undergone  60  min  of  exposure  to  humidified  air 
plasma  followed  by  TFMB  exposure,  and  on  a  similar  GaN  sample 
that  has  been  exposed  to  60  min  of  dry  air  plasma,  also  followed  by 
TFMB  exposure.  The  figure  clearly  shows  a  strong  fluorine  peak  for 
the  sample  exposed  to  the  humidified  air  plasma,  indicating  TFMB 
binding  to  surface  amine  groups.  Such  a  peak  is  not  observable  for 
the  sample  exposed  to  dry  air,  for  which  only  a  very  small  fluorine 
background  signal  is  seen,  most  likely  due  to  non-specific 
adsorption.  A  summary  of  fluorine  signals  (measured  as  integrated 
peak  area  and  normalized  to  the  Ga  3d  peak)  for  various  exposure 
times  is  given  in  Fig.  1(b).  For  the  samples  exposed  to  humidified 
plasma,  a  clear  increase  in  TFMB  binding  is  seen  with  increasing 
exposure  time,  reaching  a  plateau  at  approximately  50  min.  It 
remains  at  this  level  until  approximately  90  min  of  exposure,  after 
which  it  begins  to  decline  again.  The  decline  in  TFMB  binding  after 
90  min  of  plasma  exposure  can  be  attributed  to  the  fact  that  the 
continued  oxidation  of  the  GaN  samples  eventually  removes  all 
nitrogen  from  the  surface,  leaving  only  gallium  oxide  at  the 
interface.  This  behavior  is  not  seen  for  the  samples  exposed  to  dry 
air  plasma  (which  lacks  any  hydrogen  source  for  amine  formation), 
with  TFMB  binding  remaining  relatively  constant  and  near  zero 
through  90  min  of  exposure.  Previous  studies  showing  the 
formation  of  surface  amines  on  Si3N4  samples  treated  with  a 
humidified  air  plasma  also  indicate  that  both  substrate  nitrogen 
and  a  hydrogen  plasma  source  are  necessary  for  substantial  TFMB 
binding  to  occur  [27].  Further  comparison  to  results  obtained  for 
Si3N4  reveals  that,  for  identical  plasma  power  and  levels  of 
humidity,  peak  amine  formation  on  GaN  plateaus  for  a  substan¬ 
tially  longer  period  of  time  before  beginning  to  decline  (40  min 
compared  to  roughly  only  10  min  for  Si3N4).  The  reason  for  this 
trend  can  be  understood  by  considering  the  larger  oxygen  binding 
energies  for  Si  compared  to  Ga.  The  eventual  loss  of  surface  amines 
to  oxidation  at  long  plasma  exposure  times  occurs  more  rapidly 
when  oxide  formation  is  more  energetically  favorable;  however, 
examination  of  additional  nitride  materials  would  be  required  to 
establish  that  the  rate  of  oxide  formation  determines  this  trend. 
Another  possibility  for  this  observation  may  be  related  to  the 
relative  volatility  of  Ga1+  oxide  at  elevated  temperatures  [31]. 
Though  a  low  temperature  plasma  was  used  for  this  procedure, 
there  may  be  enough  energy  imparted  to  the  surface  to  volatilize 
some  of  the  gallium  oxide,  allowing  exposure  of  the  underlying 
nitride  for  longer  periods  of  time. 

3.2.  Biofunctionalization 

Following  the  amination,  GaN  surfaces  were  functionalized 
with  the  protein  NeutrAvidin  using  glutaraldehyde  as  a  bifunc¬ 
tional  linker.  The  FT-IR  spectra  depicted  in  Fig.  2  show  a  sample 
that  has  been  treated  with  humidified  plasma  and  GA,  followed  by 
NA  exposure,  in  comparison  to  a  GaN  sample  that  has  simply  been 
immersed  in  NA  solution  without  GA  treatment.  After  NA 
exposure,  both  samples  were  washed  in  1%  Tween-20  solution 
to  remove  physisorbed  protein  from  the  surface.  The  GA-treated 
sample’s  FT-IR  spectra  clearly  shows  amide  bond  peaks  at  1545 
and  1660  cm-1  that  are  not  substantially  present  in  the  control 
sample,  indicating  the  successful  immobilization  of  a  protein  film 
[32,33].  Although  the  formation  of  specific  bonds  between  GA  and 
amine  groups  present  on  the  surface  of  the  protein  cannot  be 


Wavenumber  (cm*1) 

Fig.  2.  FT-IR  spectra  for  two  GaN  samples.  The  top  curve  is  for  a  sample  that  was 
treated  in  humidified  air  plasma  and  reacted  with  glutaraldehyde  (GA).  The  bottom 
curve  is  for  a  control  sample  which  was  plasma-treated  but  not  exposed  to  GA.  Both 
samples  were  then  exposed  to  a  solution  of  NeutrAvidin. 

definitely  confirmed  from  such  a  complex  organic  layer  using  FT- 
IR,  the  absence  of  strong  amide  peaks  after  washing  the  control 
sample  shows  that  a  relative  degree  of  stability  has  been  added  to 
the  plasma-treated  film  that  is  consistent  with  covalent  bonding. 

The  bioactivity  of  the  resulting  protein  film  was  demonstrated 
by  exposure  to  fluorescently-labeled  biotin.  Fig.  3  shows  fluores¬ 
cent  images  taken  for  two  GaN  samples,  one  that  has  been  plasma- 
treated  and  functionalized  with  GA/NA,  and  one  control  sample 
left  untreated.  Both  samples  were  spotted  with  a  solution 
containing  fluorescein-tagged  biotin,  followed  by  sonication  to 
remove  physisorbed  biotin  from  the  surface.  The  brighter  contrast 


Fig.  3.  Fluorescent  images  taken  for  two  GaN  samples,  both  exposed  to  fluorescein- 
tagged  biotin.  The  top  image  (a)  was  taken  for  a  sample  that  was  treated  with 
humidified  air  plasma  and  functionalized  with  NeutrAvidin  via  glutaraldehyde 
linkage.  The  bottom  image  (b)  is  of  a  control  sample  which  was  not 
biofunctionalized.  The  dark  band  seen  in  (a)  is  gold  that  has  been  patterned 
onto  the  surface  to  offer  contrast.  Image  area  is  350  p,m2. 
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in  Fig.  3(a)  shows  successful  biotin-binding  on  the  plasma-treated 
surface,  indicating  the  bound  NA  film  has  maintained  its  function, 
whereas  the  control  surface  depicted  in  Fig.  3(b)  shows  no  such 
fluorescence.  Note  the  dark  pattern  seen  on  the  functionalized 
sample,  which  is  a  gold  feature  that  has  been  patterned  onto  the 
surface  prior  to  plasma  treatment  to  offer  contrast.  The  absence  of 
binding  to  the  gold  demonstrates  the  specificity  of  the  humidified 
plasma  functionalization  for  nitride  surfaces. 

Though  the  formation  of  surface  amines  through  humidified 
plasma  treatment  gives  inherently  low  amine  coverage  (theoreti¬ 
cal  upper  limit  of  33%,  though  most  certainly  less  in  practice),  this 
coverage  is  not  necessarily  a  detriment  when  considered  for  the 
immobilization  of  a  biofilm.  Previous  studies  have  reported  that 
approximately  complete  protein  monolayers  can  be  formed  on 
surfaces  by  functionalizing  as  little  as  one  tenth  of  the  underlying 
surface  with  active  binding  sites  [34].  In  our  previous  work  using 
humidified  plasma  modification  of  Si3N4,  we  found  via  radio¬ 
labeling  studies  that  the  density  of  NA  bound  to  the  surface  using 
plasma-induced  amine  groups  did  not  differ  significantly  from 
protein  layers  attached  using  amine-terminated  silane  films,  even 
though  a  higher  density  of  surface  amines  exists  on  the  silanized 
surface  [27]. 

3.3.  Conductivity  measurements 

The  effect  of  plasma  treatment  on  the  electrical  properties  of 
GaN  is  of  particular  interest  given  the  intended  sensing  mecha¬ 
nism.  The  conductivity  of  GaN  was  obtained  via  four-point  I-V 
measurements  and  yielded  linear  I-V  responses.  A  typical  curve  is 
shown  in  the  inset  of  Fig.  4.  The  impact  of  plasma  exposure  on  GaN 
conductivity  is  shown  in  the  main  plot  of  Fig.  4.  A  small,  but 
measurable,  variation  of  conductivity  was  observed.  The  conduc¬ 
tivity  first  drops  a  few  percent  at  shorter  exposure  times,  then 
eventually  climbs  a  few  percent  higher  than  the  unmodified 
sample  at  longer  times.  The  time  scale  for  this  increase  in 
conductivity  is  roughly  consistent  with  the  time  for  peak  amine 
formation.  One  explanation  for  this  correlation  is  that  there  is  an 
accumulation  of  positive  charge  associated  with  the  formation  of 
charged  amine  and  hydroxyl  groups  on  the  surface.  This  would 
reduce  the  amount  of  positive  surface  depletion  region  charge 
required  to  maintain  charge  neutrality  and  thus  reduce  surface 
depletion  depth  and  band  bending.  A  smaller  depletion  region 
would  lead  to  an  increase  in  conductivity  which  is  consistent  with 
the  data  of  Fig.  4.  It  should  be  noted,  however,  that  such  a  small 
variation  in  conductivity  (~2%)  is  not  expected  to  greatly  affect  the 
operation  of  a  device. 


Fig.  4.  Impact  of  plasma  treatment  on  conductivity.  Inset  shows  a  typical  I-V  curve. 
The  bulk  conductivity  of  the  samples  vary  by  only  ~2%  from  an  untreated  control. 


4.  Conclusions 

We  have  presented  a  simple  method  for  forming  amine  groups 
directly  on  the  surface  of  GaN  which  allows  for  direct  biofunctio¬ 
nalization  without  intermediary  films  such  as  silanes.  Amine 
groups  were  formed  on  the  surface  of  GaN  through  exposure  to  a 
humidified  air  plasma.  The  presence  of  these  groups  was  verified 
with  XPS  and  relative  density  tracked  as  a  function  of  plasma 
exposure  time.  The  amine  groups  were  used,  in  conjunction  with 
glutaraldehyde,  to  covalently  attach  a  layer  of  NeutrAvidin.  It  was 
also  shown  that  the  bound  NA  film  retained  biological  activity 
through  its  interaction  with  fluorescently-labeled  biotin.  The 
treatment  of  the  GaN  surface  in  humidified  plasma  did  not 
appreciably  alter  the  bulk  conductivity  of  the  substrate,  suggesting 
that  this  treatment  should  be  applicable  for  GaN-based  biodetec¬ 
tion  schemes,  particularly  those  where  the  surface  proximity  of  the 
probe  molecules  is  significant. 
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